T[ransport]{.smallcaps}into and out of the nucleus occurs through the nuclear pore complex (NPC).^1^ The asymmetric distribution of macromolecules between the nucleus and cytoplasm is an essential component of cellular regulation and function. Although small molecules can diffuse through the NPC, most macromolecules are transported in an energy-dependent, regulated, and highly specific manner. The nuclear import of nuclear localization sequence (NLS)-bearing proteins has been extensively studied (for review see [@B9]; [@B43]). Proteins to be imported are recognized in the cytoplasm by virtue of their NLSs, which are bound by a soluble receptor protein, karyopherin α (Importin α; Kap60p in yeast; [@B1]; [@B20]; Imamoto et al., 1995; [@B47]; Moroianu et al., 1995). Karyopherin α forms a heterodimer with another soluble protein, karyopherin β1 (Importin β; Kap95p in yeast; [@B8]; [@B47]; [@B12]; [@B21]). This karyopherin α/β1 complex then docks the substrate at the NPC via direct interactions of karyopherin β1 and a subset of peptide repeat--containing NPC proteins (nucleoporins; Imamoto et al., 1995; [@B47],*b*; [@B39]; [@B49]). Translocation through the NPC and subsequent disassembly of the complex is not completely understood but requires other soluble factors such as the small GTPase Ran ([@B34]; [@B36]) and its cofactor p10 ([@B37]; [@B44]; [@B42]). As the nucleotide-bound state of Ran (GDP or GTP) is crucial for nuclear transport, proteins that regulate Ran such as the cytoplasmic RanGAP and RanBP1 and the nuclear Ran nucleotide exchange factor RCC1 are also essential components of the transport machinery (for review see [@B9]).

In addition, two other pathways of nuclear import have also been described. Both are mediated by factors homologous to karyopherin β1. One is the Kap104p/karyopherin β2 (also called transportin) pathway, which imports a subset of mRNA-binding proteins ([@B3]; [@B46]; [@B6]; [@B18]). The second pathway is the Kap123p pathway, via which ribosomal proteins are imported into the nucleus ([@B50]). Another karyopherin β1 homologue, Pse1p, has also been implicated in this pathway ([@B50]). In contrast to karyopherin β1, these karyopherin β1 homologues do not require karyopherin α and can interact directly with their substrates and dock at repeat-containing nucleoporins ([@B3]; [@B6]; [@B50]). However, like the karyopherin α/β1 complex, these pathways also appear to require Ran ([@B6]; [@B50]).

Sequence analysis revealed a super-family of karyopherin β homologues with members in yeast and higher eukaryotes, referred to here as β karyopherins. Several members of this family were shown to interact with Ran, and one member, human Crm1, was identified via its interaction with a repeat-containing nucleoporin ([@B16]; [@B23]; [@B61]). Homology to known members of the β karyopherin family suggested that these proteins may function as karyopherins, raising the possibility that nuclear transport may occur via many different pathways. Recently, two members of this family, Crm1 (in yeast and higher eukaryotes) and human CAS were shown to be karyopherins involved in nuclear export (also called exportins; [@B17]; [@B31]; [@B57]). It is probable that these proteins function similarily to Kap104p and Kap123p, in that they bind directly to their substrates and to the NPC ([@B16],*b*; [@B57]).

RNAs represent a major class of macromolecules exported from the nucleus. Maturation of mRNA is a prerequisite for its export into the cytoplasm. Before its export, mRNA is packaged and undergoes such modifications as splicing, polyadenylation, and capping (for review see [@B11]; [@B41]). All of these processes require the association of mRNA with specific proteins within the nucleus. mRNA has been shown to be complexed with many proteins, including the heterogeneous nuclear (hn) ribonucleoprotein particle family members (for review see [@B11]; [@B41]). These proteins are believed to function in all of the known steps of mRNA maturation and export, and some hnRNPs have been shown to accompany the mRNA into the cytoplasm ([@B58]; [@B28]; [@B41]). Once in the cytoplasm, these hnRNPs rapidly return to the nucleus, where they are thought to be involved in further rounds of mRNA export ([@B45]). This continuous shuttling between the nucleus and cytoplasm requires efficient import and reimport of these proteins. This import would then be a crucial step in the regulation of mRNA export.

The yeast *MTR10* gene (for mRNA transport defective) was identified in a screen for mutants that accumulate polyadenylated RNA in the nucleus at 37°C, suggesting a role in mRNA export ([@B26]). We show here that Mtr10p is a karyopherin that mediates a previously uncharacterized nuclear import pathway. We identify the mRNA-binding protein, Npl3p, as a cytosolic substrate for Mtr10p, and we show that deletion of Mtr10p causes mislocalization of Npl3p to the cytoplasm, probably due to a block in its import. The identification of a karyopherin and its substrate defines a new nuclear import pathway, and we show that this pathway is distinct and does not overlap with the previously described pathway for mRNA-binding protein import.

Materials and Methods
=====================

Yeast Strains and Media
-----------------------

All yeast strains were derived from DF5 ([@B13]); procedures for yeast manipulation were as described ([@B54]). *MTR10* was deleted by replacing the open reading frame with the *HIS3*-selectable marker in a diploid strain by integrative transformation ([@B2]). Heterozygous diploids were sporulated and tetrads dissected on YPD plates at 23°C to generate *mtr10* haploid strains. The *MTR10* gene was amplified by PCR from genomic DNA, cloned into pRS416 (Stratagene, La Jolla, CA), and transformed into an *mtr10::HIS3*/*MTR10* heterozygous diploid. After sporulation and dissection this strain yielded four viable spores at 30 and 37°C. These strains were streaked on media containing 5-fluoro-orotic acid (FOA) and grown at 23 and 37°C. Diploid strains expressing the Mtr10p--protein A fusion protein (Mtr10-PrA) were constructed by integrative transformation of the coding sequence of four and a half IgG-binding repeats of protein A immediately upstream of the *MTR10* stop codon as described ([@B2]). This resulted in chimeric Mtr10--PrA fusions under the control of the endogenous *MTR10* promoter. Haploid strains were generated by sporulation and dissection.

Immunofluorescence Microscopy
-----------------------------

After fixation in 3.7% formaldehyde for 15 min, immunofluorescence microscopy on yeast spheroplasts was done as previously described ([@B59]). Protein A tags were visualized using rabbit anti--mouse IgG (preadsorbed against formaldehyde-fixed wild-type yeast cells) followed by Cy3-conjugated donkey anti--rabbit IgG (Jackson ImmunoResearch Labs, West Grove, PA). Npl3p and Nab2p were visualized using the antibodies 1E4 and a Nab2p mouse polyclonal antiserum ([@B60]; [@B3]). The SV-40 NLS-GFP was viewed directly in living cells ([@B55]). DNA was visualized by 4′,6-diamidino-2-phenylindole (DAPI). All images were viewed under the 63× oil objective on an Axiophot microscope (Zeiss Inc., Thornwood, NY); images were collected with a video imaging system directly in Adobe Photoshop v3.

Protein Purification
--------------------

Post-nuclear, post-ribosomal cytosol was prepared from the Mtr10-PrA strain as described ([@B3]). Using this method we can detect the majority of Mtr10-PrA in the crude cytosol fraction. Mtr10-PrA and associated proteins were immunoisolated by overnight incubation of cytosol with rabbit IgG Sepharose (Cappel, Durham, NC) as described ([@B3]). After washing, proteins were eluted from the Sepharose with a step gradient of MgCl~2~ and precipitated with methanol before analysis by SDS-PAGE. Coomassie staining bands were excised and prepared for analysis by MALDI-TOF mass spectrometry (MS), and one peptide was further analyzed by MS-MS as described ([@B19]). Npl3p was identified by MS and confirmed by Western blotting. Procedures for Western blotting and subsequent detection by ECL were as described (Amersham, Arlington Heights, IL).

Expression Constructs and Blot Overlay Assay
--------------------------------------------

An amino-terminally tagged Npl3p fusion protein was expressed under the control of the alcohol dehydrogenase (ADH) promoter from the plasmid pRS416. The coding sequence for the IgG-binding domain of protein A was cloned upstream of the ATG of the coding sequence of *NPL3* in this vector and expressed in the appropriate yeast strain. Full length Mtr10p or a fragment encoding amino acids 1--500 were amplified by PCR from genomic DNA and subcloned into pGEX-5X1 (Pharmacia Fine Chemicals, Piscataway, NJ) for expression in bacteria, to create glutathione-S-transferase (GST)-fusion proteins. Expression and purification of the other bacterially expressed proteins have been described elsewhere ([@B29]; [@B49]). Bacterially expressed proteins were separated by SDS-PAGE and transferred to nitrocellulose. Overlay assays were performed essentially as described ([@B3]). Yeast cytosol from Mtr10-PrA or Kap95-PrA strains was diluted 1:5 and 1:10, respectively, and incubated on the blot overnight at 4°C. Alternatively, bacterial pellets from a 5-ml culture of induced bacteria were lysed by freeze thawing and sonication in 500 μl transport buffer (20 mM Hepes, pH 7.5, 110 mM KOAc, 2 mM MgCl~2~, 1 mM DTT) with 0.1% Tween-20. After dilution by 1:1 in transport buffer with 5% milk, lysates were incubated with the blot overnight. Bound proteins were detected either with rabbit IgG (Pr-A tags) or with anti-GST antibody followed by HRP-conjugated donkey anti--rabbit antibodies and ECL (GST tags).

Ran Overlay
-----------

Ran (Gsp1p) was expressed in bacteria and purified as described ([@B15]). Proteins were separated by SDS-PAGE and blotted onto nitrocellulose. The blot was incubated in transport buffer with 0.5% BSA, 0.3% Tween-20 overnight, and then blocked in transport buffer with 0.1% Tween-20 and 200 μM GTP for 1 h. Gsp1p was loaded with α-\[^32^P\]GTP as described and added to the blocking solution for 1 h ([@B15]). The blot was then washed 3 times in transport buffer with 0.1% Tween-20 and subjected to autoradiography.

Results
=======

Mtr10p Shows Homology with Other Members of the β Karyopherin Family
--------------------------------------------------------------------

Transport into and out of the nucleus is mediated by members of the karyopherin family. Recently a superfamily of genes with homology to karyopherin β1 or Kap95p has been noted. For reasons addressed below, we chose to focus on Mtr10p. The yeast *MTR10* gene was identified in a screen for mutants that accumulate polyadenylated RNA in the nucleus at 37°C ([@B26]). Although the function of *MTR10* was unknown, its identification in this screen suggested that it may be involved in the maturation or transport of mRNA. Comparison of Mtr10p and Kap95p showed limited homology at the amino acid level (16% identity; Fig. [1](#F1){ref-type="fig"}). Comparison of Mtr10p with other members of this family suggested that it was most similar to Crm1p and Los1p (data not shown). However, the levels of homology detected with all members of the β karyopherin family were so similar that it was not possible to determine whether the differences had any functional significance. The homology was most striking in the amino terminus of members of this family ([@B17]; [@B23]). These sequence similarities led us to determine if Mtr10p was a karyopherin and define which proteins it was responsible for transporting.

Mtr10p Is Essential at 37°C and Is Predominantly Cytoplasmic
------------------------------------------------------------

The *MTR10* gene was disrupted in diploid yeast cells by replacing the coding sequence of one allele with the *HIS3* gene. After sporulation and tetrad dissection, two large colonies and two very small colonies were visible after 5 to 6 d at room temperature. Only the small colonies grew on medium lacking histidine, and analysis of the genomic DNA revealed that the slow-growing colonies represented haploids with the disrupted copy of *MTR10* (data not shown). Deletion of *MTR10* led to extremely slow growth at 23°C and inviability at 37°C (Fig. [2](#F2){ref-type="fig"}). This phenotype was similar to that reported for the *mtr10-1* mutant ([@B26]). *MTR10*/*mtr10*::*HIS3* heterozygous diploid strains were also sporulated and dissected in the presence of the *MTR10* gene expressed on a low copy (CEN/*URA3*) plasmid. All four colonies were viable at 30 and 37°C. However, on media containing 5FOA, which selectively kills cells containing this plasmid, haploids deleted for *MTR10* grew very slowly at 23°C and not at all at 37°C, presumably due to loss of the plasmid (data not shown).

To determine the function of Mtr10p, we genomically tagged the gene with an in-frame carboxy-terminal fusion of the IgG-binding domains of protein A. Haploid strains expressing Mtr10-PrA were able to grow at 37°C (Fig. [2](#F2){ref-type="fig"}), demonstrating that the fusion protein was able to complement the endogenous gene. The tagged strains were used to determine the localization of Mtr10p by indirect immunofluorescence. Mtr10p was predominantly cytosolic when compared with DAPI-stained DNA, although some cells appeared to show some nuclear staining (Fig. [3](#F3){ref-type="fig"}). This localization was in agreement with cell fractionation data, where most of the Mtr10PrA was found in the cytosolic fraction (data not shown).

Mtr10p Interacts with Peptide Repeat--containing Nucleoporins
-------------------------------------------------------------

If Mtr10p is a β karyopherin it is probable that it also interacts with other components of the nuclear import machinery such as the NPC itself. Kap95p, Kap104p, and Kap123p have all been shown to interact with the NPC, and this interaction is mediated by direct interaction with several repeat-containing nucleoporins ([@B49]; [@B3]; [@B50]). The nucleoporin Nup2p, the repeat domain of Nup159p, and the repeat-containing domain of Nup1p were expressed in bacteria and the whole bacterial lysates were separated by SDS-PAGE and blotted onto nitrocellulose. Overlay assays were performed on nitrocellulose strips using yeast cytosol from the Mtr10-PrA strain. As a control, duplicate strips were also probed with cytosol from a Kap95-PrA strain. Mtr10p did not appear to interact with Nup2p (Fig. [4](#F4){ref-type="fig"} *a*), demonstrating that the Mtr10-PrA did not interact nonspecifically with abundant proteins present in the whole bacterial extract. However, an interaction was detected between Mtr10p and the repeat domains of Nup159p and Nup1p (Fig. [4](#F4){ref-type="fig"} *a*). Kap95p gave a stronger signal with all the nucleoporins tested, including Nup2p (Fig. [4](#F4){ref-type="fig"} *a*). The ladder of bands detected with the nucleoporins Nup1p and Nup2p suggests that these proteins have undergone some proteolytic degradation and the Kap95p is able to recognize the proteolytic fragments. These results suggested that Kap95p and Mtr10p may interact with overlapping components of the NPC, however, it would appear that their nucleoporin binding specificities are not identical. It is likely that there may be significant competition for binding of the NPC proteins, as the yeast cytosol used in this assay contains other proteins such as other β karyopherins that are able to bind NPC proteins. Therefore, further studies will be necessary to determine and compare the affinities of members of the β karyopherin family for components of the NPC.

Using whole cytosol has the advantages of providing any cofactors necessary for the interaction. However, to determine whether the interaction between Mtr10p and the nucleoporins was direct, bacterially expressed Mtr10p was used. Full length Mtr10p (GST-Mtr10) and the amino-terminal half of the protein (GST-Mtr10NT) were expressed in bacteria as GST fusions. The GST-Mtr10NT was expressed at much higher levels, probably due to its smaller size and was therefore used for the following experiments. GST-Mtr10NT was tested by blot overlay for binding to the peptide repeat--containing domain of Nup159p ([@B29]). GST-Mtr10NT interacted directly with the repeat domain of Nup159p, and unfused GST-containing bacterial extracts showed no interaction with this domain (Fig. [4](#F4){ref-type="fig"} *b*). Neither GST-Mtr10NT nor GST alone interacted with a nonrepeat-containing domain of Nup159p (Fig. [4](#F4){ref-type="fig"} *b*). These results show that the domain of Mtr10p responsible for NPC binding resided in the amino terminus of the protein.

Kap95p, which interacts indirectly with its substrate, functions by forming a heterodimer with the NLS-binding protein Kap60p ([@B12]). Binding of Mtr10p to purified Kap60p was also tested by blot overlay. Unlike Kap95p, Mtr10p did not appear to interact with Kap60p (Fig. [4](#F4){ref-type="fig"} *c*) and therefore probably interacts directly with its substrate, as has been shown for Kap104p and Kap123p ([@B3]; [@B50]). We also tested by blot overlay whether Mtr10p could form a heterodimer with Kap95p, however, we were unable to show an interaction (data not shown).

Mtr10p Interacts with Ran
-------------------------

The small GTPase Ran (or Gsp1p in yeast) has been shown to be an essential cofactor for the nuclear import of NLS-bearing substrates and has been shown to directly bind Kap95p ([@B34]; [@B36]; [@B49]; [@B15]). Several members of the family of β karyopherins have also been shown to bind Gsp1p ([@B50]; [@B23]). We therefore determined whether Mtr10p was able to bind Gsp1p. Extracts prepared from bacteria expressing GST-Mtr10NT or purified Kap95p, were tested by blot overlay with purified Gsp1p, loaded with α\[^32^P\]GTP. It was not possible to test lysates expressing full length GST-Mtr10 due to the low levels of expression obtained with this fusion protein. As shown in Fig. [5](#F5){ref-type="fig"}, strong binding of Gsp1p-GTP was detected with lysates induced for GST-Mtr10NT expression. In contrast, no binding of Gsp1p-GTP to uninduced bacterial lysate was observed. As a positive control, the Gsp1p-GTP overlay was also performed on purified Kap95p (Fig. [5](#F5){ref-type="fig"}). Therefore, Mtr10p interacts with Gsp1p, and this interaction can be mediated by the amino terminus of Mtr10p.

Mtr10p Interacts with a Cytosolic Pool of Npl3p
-----------------------------------------------

The homology with known karyopherins, together with the NPC and Ran binding, suggested that Mtr10p is a karyopherin. To determine its role in nuclear transport we attempted to identify its cognate transport substrates. Due to its abundance in the cytoplasm, Mtr10-PrA was isolated by affinity chromatography from post-nuclear, post-ribosomal cytosol prepared from the haploid Mtr10-PrA strain. Using this method it should be possible to also copurify interacting proteins from the cytosol ([@B3]; [@B50]). The cytosol from the protein A--tagged strain was incubated with IgG Sepharose, and interacting proteins were eluted with a step gradient ranging from 0.05 to 4.5 M MgCl~2~. The eluted fractions were analyzed by Coomassie blue staining of SDS-PAGE gels. Mtr10-PrA, which, by virtue of its protein A tag, binds IgG with high affinity, was eluted at high concentrations of MgCl~2~ (2.5--4.5 M; Fig. [6](#F6){ref-type="fig"} *a*). A protein of ∼60-kD eluted earlier in the gradient (0.1--0.25 M; Fig. [6](#F6){ref-type="fig"} *a*). The protein present in this band was analyzed by mass spectrometry, which suggested that it was Npl3p. The 0.25 M eluate fraction was immunoblotted with an antibody that specifically recognizes Npl3p, confirming the identity of the protein as Npl3p (Fig. [6](#F6){ref-type="fig"} *b*). The amounts of Mtr10p and Npl3p purified by this method appeared to be roughly similar by Coomassie blue staining, suggesting that Mtr10p binds directly to cytosolic Npl3p and that Npl3p is likely a major substrate of Mtr10p.

Npl3p Is Not Imported into the Nucleus in the Absence of Mtr10p
---------------------------------------------------------------

As Npl3p was a candidate substrate for Mtr10p, we determined in vivo, by immunofluorescence microscopy, whether deletion of Mtr10p affected the localization of Npl3p. Although Npl3p shuttles between the nucleus and cytoplasm, using an anti-Npl3p monoclonal antibody, it appeared primarily nuclear and colocalized with DAPI-stained DNA (Fig. [7](#F7){ref-type="fig"} *a*). However, at 23°C, in strains that were deleted for *mtr10*, Npl3p was mislocalized to the cytoplasm in all cells (Fig. [7](#F7){ref-type="fig"} *b*). These results suggested that nuclear import of Npl3p did not occur in the absence of Mtr10p. After a shift to 37°C for 3 h, the mislocalization appeared, if anything, more dramatic (Fig. [7](#F7){ref-type="fig"} *b*).

The *mtr10-1* mutant is temperature sensitive for growth and mRNA export defects ([@B26]). Growth at 37°C leads to a nuclear accumulation of polyadenylated RNA followed by cell death. *mtr10-1* mutant cells were grown at 23°C and shifted to 37°C for 3 h. Npl3p was mislocalized to the cytoplasm in cells grown at both 23 and 37°C (Fig. [7](#F7){ref-type="fig"} *c*). As Npl3p directly binds mRNA and *mtr10* mutants also have a defect in mRNA export, it was possible that Mtr10p may be responsible for retention of Npl3p in some intranuclear site and that we were just observing passive diffusion out of the nucleus. Therefore, we protein A tagged Npl3p, which increased its calculated molecular mass to \>70 kD. This size would be predicted to be well above the cut-off point for passive diffusion through the NPC. The protein A--tagged Npl3p appeared exclusively nuclear in wild-type cells, however in the *mtr10* deletion strain it was observed in the cytoplasm (data not shown). This suggests that the mislocalization is due to a specific import defect.

Mtr10p Imports Npl3p by a Distinct and Nonoverlapping Import Pathway
--------------------------------------------------------------------

To determine how general the effect on nuclear import was, we looked at the localization of an NLS-green fluorescent protein (GFP) reporter, presumably imported by the Kap60p/Kap95p complex. Wild-type, *mtr10* deletion cells, and *mtr10-1* cells were transformed with this reporter, and the GFP was observed directly in living cells. In wild-type, *mtr10* deletion cells, and *mtr10-1* cells (data not shown) the NLS reporter was exclusively nuclear (Fig. [8](#F8){ref-type="fig"} *a*). This suggests that the Npl3p/Mtr10p import pathway is independent of the NLS/Kap60p/Kap95p pathway.

A nuclear import pathway mediated by Kap104p in yeast has been shown to be responsible for the import of another shuttling mRNA-binding protein, Nab2p ([@B3]). Using a Nab2p polyclonal antiserum, it was possible to show that, in contrast to Npl3p, Nab2p appeared to be correctly localized to the nucleus in the *mtr10* deletion strain (Fig. [8](#F8){ref-type="fig"} *b*) and the *mtr10-1* strain (data not shown). Conversely, in strains lacking Kap104p, Nab2p but not Npl3p was mislocalized to the cytoplasm (Fig. [8](#F8){ref-type="fig"} *c*; [@B3]). This shows that the deletion of Mtr10p also does not affect the Kap104p import pathway, demonstrating that the Mtr10p/Npl3p import pathway is a new pathway of nuclear import. It also shows that at least two mRNA-binding proteins, Npl3p and Nab2p, are transported into the nucleus by distinct and nonoverlapping pathways.

Discussion
==========

Here we have identified a new pathway of nuclear protein import. Mtr10p is shown to be β karyopherin and Npl3p its primary substrate. Thus this represents a new import pathway for mRNA-binding proteins. Npl3p was isolated as a substrate by virtue of its direct interaction with Mtr10p in cytosol. In the absence of Mtr10p, we can show that Npl3p is excluded from the nucleus. This suggests that Mtr10p binds Npl3p in the cytoplasm and transports it to the nucleus.

In common with other import pathways, the Mtr10p-mediated import pathway of Npl3p probably involves a docking step at repeat-containing nucleoporins ([@B49]; [@B3]; [@B6]; [@B50]). In support of this we observed direct binding of Mtr10p to repeat-containing nucleoporins. Mtr10p also bound Gsp1p, the yeast Ran; thus the Mtr10p import pathway, like other nuclear import pathways, probably requires Ran to function. Interestingly, Npl3p has been used as a reporter for many nuclear import studies. The nuclear localization of Npl3p has previously been shown to be affected by mutants of Gsp1p, as well as mutants of Rna1p, the Gsp1p GTPase activating protein, and Rcc1p, the Gsp1p nucleotide exchange factor ([@B10]; [@B27]; [@B62]). This provides further evidence that the import pathway of Npl3p is Ran dependent. We have mapped the Ran and NPC-binding site to the amino-terminal half of Mtr10p. This correlates with the position of these binding determinants in karyopherin β1 and Pse1p ([@B40]; [@B23]; [@B30]). The similarity between β karyopherin family members is most apparent in the amino-terminal portion of the proteins, and it is likely that this domain mediates their common functions. It is possible that more divergent domains of these proteins will be shown to mediate their substrate specificity. We have shown that the Mtr10p import pathway is independent of Kap60p and Kap95p. Corroboration of this is provided by previously published experiments, where *kap60* and *kap95* mutant strains showed correct localization of Npl3p but mislocalized NLS reporters ([@B33]; [@B27]).

Npl3p appears to be the major import substrate of Mtr10p, but additional substrates for this karyopherin may yet be found. The fact that only Npl3p was isolated with Mtr10p from the cytosol, in approximately stoichiometric amounts, strongly suggests that these proteins directly interact. It is not clear whether Mtr10p directly participates in the export of proteins or mRNA. At present we do not know if any karyopherins function in both import and export, and this represents an important future question in the field of nuclear transport. By purifying Mtr10p from cytosol, it is probable that only import substrates would be isolated. This is consistent with studies that show the NLS--karyopherin complex is stable in the presence of Ran-GDP but dissociated by Ran-GTP ([@B49]; [@B15]; [@B22]). Conversely, export substrates are believed to bind their karyopherins only in the presence of Ran-GTP, and Ran in the cytoplasm is thought to be predominantly in the GDP-bound form ([@B17]; [@B31]).

Both Mtr10p and Npl3p have been identified in screens for mutants that accumulate polyadenylated RNA in the nucleus, leading to the suggestion that they are directly involved in mRNA export ([@B26]; [@B56]). However, screens for nuclear accumulation of polyadenylated RNA have identified a wide range of mutants (for review see [@B52]). Mutations have been isolated in genes encoding for a heat shock protein, an RNAase, Gsp1p and its exchange factor and GTPase activating protein, at least nine nucleoporins, Npl3p, a subunit of RNA pol I, and a lipid biosynthetic enzyme ([@B52], [@B53]). Thus this phenotype may not reflect a direct role in mRNA export and only the identification of specific export substrates will define Mtr10p as a karyopherin involved in nuclear export. That Mtr10p functions as an import factor for the mRNA-binding protein, Npl3p, has been shown here. Therefore, it is also possible that the mRNA export phenotype observed in *mtr10-1* mutant results from the mislocalization of Npl3p.

The mRNA-binding protein Npl3p was identified in several screens, such as those for mutants defective in nuclear protein localization and mutants that accumulated polyadenylated RNA in the nucleus ([@B7]; [@B26]; [@B56]). Npl3p has also been identified by direct crosslinking to RNA and by its similarity to the glycine- and arginine-rich domain of the nucleolar protein, Nop1p ([@B51]; [@B60]). Deletion of *NPL3* leads to inviability or very severe growth defects, depending on the yeast strain investigated. Npl3p shuttles in and out of the nucleus and has structural similarities to other RNA-binding proteins ([@B51]; [@B14]; [@B24]; [@B32]). These similarities include two central RNA recognition motifs flanked by a carboxy-terminal glycine-rich domain that contains a series of RGGY/F repeats ([@B60]). The precise function of Npl3p is not known; however, it has striking homology to the SR type splicing factors, and many mutants of Npl3p lead to accumulation of polyadenylated RNA within the nucleus ([@B5]; [@B32]). It has been proposed that Npl3p forms a complex with mRNA and participates as a carrier for RNA export to the cytoplasm ([@B32]). Many temperature-sensitive mutants of Npl3p have been characterized ([@B32]). The majority of mutations analyzed were mapped to the RNA recognition motif domain of Npl3p ([@B32]). These mutations led to the mislocalization of Npl3p to the cytoplasm at the permissive temperature and accumulation of polyadenylated RNA in the nucleus at the nonpermissive temperature. However, Npl3p appeared to be correctly localized to the nucleus at the nonpermissive temperature ([@B32]). This led to the suggestion that as both mRNA and Npl3p are blocked in the nucleus at the nonpermissive temperature, the export of Npl3p and mRNA are tightly linked ([@B32]). It is possible that the mutations in the RRM domain affect the interaction of Npl3p with mRNA leading to a defect in the export of mRNA.

We show here that in the *mtr10-1* mutant, Npl3p appears to be constitutively mislocalized to the cytoplasm at all temperatures. However, RNA export defects have only been reported in *mtr10-1* at the nonpermissive temperature ([@B26]; [@B56]). Similarily, in another mutant strain *npl3-27*, the mutant Npl3p protein is also mislocalized at all temperatures, although this strain does not have an mRNA export defect ([@B32]). This mutant has been mapped to the extreme carboxy terminus of Npl3p, the domain also reponsible for conferring nuclear localization on this protein ([@B14]). It remains to be determined whether the carboxy terminus of Npl3p contains the recognition sequence for Mtr10p and whether the npl3-27 mutant protein is mislocalized because it cannot interact with Mtr10p. These results also suggest that the RNA export defect observed in the *mtr10-1* strain may be independent of the localization of Npl3p. However, further experiments are needed to determine that a small amount of Npl3p, not detected by immunofluorecent localization, has not entered the nucleus by another pathway.

The mRNA-binding protein Nab2p, like Npl3p, can be readily UV crosslinked to RNA ([@B4]). The precise function of Nab2p is not known; however, it too is believed to participate in mRNA export ([@B4]). The import pathway for Nab2p (and Hrp1p) has been identified and is mediated by the β karyopherin Kap104p ([@B3]). This protein is homologous to karyopherin β2, which has been shown to import hnRNP A1 ([@B46]; [@B6]; Cullen et al., 1997). The specific NLS-type sequence recognized by Kap104p has not been determined. However, due to their different substrate specificities, it is probable that the cognate NLS-type sequence for Mtr10p would be different from that recognized by Kap104p. We show here for the first time that two pathways of import for mRNA-binding proteins are distinct and nonoverlapping. A novel NLS-type sequence has also been mapped for the hnRNP K protein in *Xenopus* ([@B35]). This sequence appears to confer import by a pathway independent of the karyopherin α/β1 complex or karyopherin β2, suggesting it is a substrate for what may be a new pathway ([@B35]). However, the corresponding karyopherin has not yet been identified. Some hnRNPs also appear to contain classical NLS sequences, although it has not been shown whether they are transported via karyopherin α/β1, representing an additional pathway of hnRNP import ([@B35]). Thus, it is possible that several distinct pathways will also function in the import of mRNA-binding proteins in higher eukaryotes.

Eukaryotic cells have to continuously export mRNA. To facilitate the processing and export of this mRNA, it is necessary to have efficient and rapid import and reimport of mRNA-binding proteins. We propose that Mtr10p imports Npl3p into the nucleus; Npl3p there participates in mRNA maturation and export. Npl3p would then be exported into the cytoplasm with the mRNA, where, rebinding by Mtr10p would lead to a further round of import of Npl3p. It has yet to be determined whether Mtr10p is involved in the export of mRNA directly or via Npl3p. Little is known about the regulation and coordination of mRNA maturation and export, but it is believed that the association with mRNA-binding proteins is essential for these processes. The existence of parallel pathways to import these proteins into the nucleus provides a possible mechanism for differential regulation of their functions.

In summary we have identified a new pathway of nuclear protein import. It will be important to define all of the pathways of nuclear protein import and export. Only a complete understanding of all these pathways of nuclear transport and their substrate specificities can show us how the spatial regulation of the localization of macromolecules between cellular compartments is achieved.
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![Mtr10p shares similarity with Kap95p. Comparison of amino acid sequences of Kap95p and Mtr10p. The proteins are aligned using CLUSTAL v.1.6 (DNAStar, Madison, WI). Identical amino acids are boxed; similar amino acids are shaded.](JCB.29408f1){#F1}

![Deletion of *MTR10* causes severe growth defects and temperature sensitivity. Wild-type, the *MTR10*-deleted strain (*mtr10::HIS3*), a strain with a protein A--tagged copy of *MTR10* (*Mtr10-PrA*), and the *MTR10*-deleted strain complemented with the *MTR10* gene on a plasmid (*mtr10:HIS3*, *pRS316-MTR10*) were streaked on rich medium at 23 and 37°C.](JCB.29408f2){#F2}

![Mtr10p is primarily localized to the cytoplasm. The localization of Mtr10-PrA was examined by immunofluorescent detection of the protein A tag; the coincident staining of DNA with DAPI is shown.](JCB.29408f3){#F3}

###### 

Mtr10p binds to a subset of repeat-containing nucleoporins. (*a*) Blot overlay assays were used to show binding of Mtr10-PrA to *E. coli* lysates containing repeat domain fragments of Nup159p (amino acids 441--876) and Nup1p (amino acids 432-- 816) but not to bacterially expressed purified Nup2p. Blots were incubated with whole yeast cytosol from protein A--tagged strains; bound proteins were detected via the protein A moiety. Multiple bands detected with Kap95-PrA are due to its ability to bind strongly to proteolytic degradation fragments of the nucleoporin. Molecular masses in kD are shown. (*b*) The repeat domain (*R*; amino acids 441--876) and a nonrepeat-containing domain (*NR*; amino acids 176--440) of Nup159p were expressed in bacteria; the bacterial lysates were blotted as before. Overlay assays were carried out using a bacterial lysate containing GST-MTR10NT or unfused GST. Bound proteins were detected with a GST antiserum. Arrows indicate the position of Nup159N or Nup159NR on the blot. Molecular masses in kD are shown. (*c*) Kap95-PrA but not Mtr10-PrA interacts with bacterially expressed, purified Kap60p by overlay blot assay.
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![Mtr10p binds to Gsp1p. Bacterial lysates either induced (*I*) or uninduced (*U*) for GST-Mtr10NT, and bacterially expressed Kap95p were separated by SDS-PAGE and blotted. Blots were probed with Gsp1p-α\[^32^P\]GTP in an overlay assay, washed, and subjected to autoradiography. Bracket represents position of GST-Mtr10NT; additional bands are most likely degradation products of this protein. Molecular masses in kD are shown.](JCB.29408f5){#F5}

###### 

Immuno-isolation of a complex containing Mtr10-PrA and the mRNA-binding protein Npl3p. (*a*) Cytosol prepared from Mtr10-PrA cells was incubated with IgG sepharose; the Mtr10-PrA and complexed material were eluted in a MgCl~2~ step gradient. Fractions were analyzed by SDS-PAGE and Coomassie blue staining. The final wash fraction was also loaded (*wash*); numbers above lanes indicate molarity of MgCl~2~. The indicated band containing Npl3p was excised and analyzed by mass spectrometry. (*b*) The 250 mM eluate from *a* was immunoblotted with an antibody specific for Npl3p. Numbers to the left of both figures indicate molecular mass in kD.
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![Npl3p is mislocalized to the cytoplasm in the absence of Mtr10p. (*a*) Immunofluorescent localization of Npl3p in wild-type (*WT*) cells colocalizes with the nucleus as visualized by DAPI-stained DNA. (*b*) Localization of Npl3p in the *mtr10* deletion strain grown at 23 and 37°C shows that Npl3p is mislocalized to the cytoplasm when compared with the coincident DAPI staining. (*c*) Localization of Npl3p in the *mtr10-1* mutant strain grown at 23 and 37°C shows that Npl3p is mislocalized to the cytoplasm when compared with the coincident DAPI staining.](JCB.29408f7){#F7}

![The Npl3p import pathway does not overlap with other import pathways. (*a*) Localization of an SV-40 NLS-GFP reporter was examined in living WT and *mtr10* deletion cells and appeared nuclear in both cases. (*b*) Immunofluorescent localization of Nab2p in the *mtr10* deletion strain shows correct nuclear localization. (*c*) Localization of Npl3p and Nab2p in a *kap104:: HIS3* deletion strain at 23°C shows only mislocalization of Nab2p.](JCB.29408f8){#F8}
